Introduction
============

The mammalian target of rapamycin (mTOR) is a large 289 kDa (2,549 amino acids) protein expressed ubiquitously in most cells and tissues.[@b1-ott-8-1923],[@b2-ott-8-1923] mTOR is a serine-threonine kinase belonging to the PI3K/Akt/mTOR signaling pathway which is involved in several cell functions, including growth, proliferation, apoptosis, and autophagy.[@b3-ott-8-1923] Referred to as FKBP-rapamycin-associated protein, mTOR was identified in the mid-1990s as the target of the FKBP12--rapamycin complex.[@b4-ott-8-1923] As a crucial protein in PI3K and Akt pathways, mTOR plays a key role in cell growth and proliferation by controlling the rate of protein synthesis. Cofactors of mTOR include Raptor, which binds to mTOR's N-terminus, and GβL, which interacts with mTOR's kinase domain in the C-terminus. While Raptor functions in mediating interactions between mTOR and its substrates, GβL is believed to have relevance in general kinase activity.[@b5-ott-8-1923]

mTOR is the key component of two distinct signaling complexes in cells; these complexes are the mTOR complex 1/Raptor (mTORC1) and the mTOR complex 2/Rictor (mTORC2). Given the importance of these complexes in cellular growth, survival, motility, proliferation, protein synthesis, and transcription, it is not surprising that they are impacted in multiple types of cancer.[@b6-ott-8-1923]

Growth factors, nutrients, ATP energy levels, and stress regulate mTOR signaling through their activation of upstream kinases PDK1 and Akt.[@b7-ott-8-1923] Activated PDK1 and Akt phosphorylate mTOR, triggering the phosphorylation of mTOR's endogenous substrates p70/S6 kinase and eIF4E-binding protein.[@b7-ott-8-1923],[@b8-ott-8-1923] The downstream processes affected by this signaling cascade are mRNA translation, ribosomal biosynthesis, amino acid import, macroautophagy, transcription, actin organization, metabolism, cell cycle progression, starvation responses, stress response, and longevity.[@b7-ott-8-1923],[@b8-ott-8-1923] Therefore, mTOR has clinical implications in several diseases including cancer, hamartoma syndromes, and allograft rejection, as well as autoimmune, cardiovascular, and metabolic disorders.[@b7-ott-8-1923]

In response to changes in the levels of insulin, nutrients, and energy supply, signaling through these complexes affects a variety of processes, including protein translation and cell proliferation. The efficacy of derivatives of the natural product rapamycin (sirolimus), which functions as an allosteric inhibitor of mTORC1, has validated mTOR inhibition as anticancer treatment. More recently, extensive efforts have been focused on the discovery of ATP-competitive inhibitors of mTOR that would inhibit both mTORC1 and mTORC2 and may provide additional clinical benefits.[@b6-ott-8-1923],[@b9-ott-8-1923] These studies have suggested that these inhibitors have a therapeutic superiority to rapalogs (rapamycin analogs) in a number of cancers.[@b6-ott-8-1923],[@b9-ott-8-1923]

A strong interest now exists for ATP-competitive inhibitors as anticancer agents. The rationale for using ATP-competitive mTOR and mTOR/PI3K dual inhibitors is mainly 1) aberrantly hyperactive signaling by PI3K/AKT/mTOR is a prominent feature of a broad spectrum of human cancers; 2) rapalogs cause activation of AKT through a negative feedback loop; and 3) mTORC2 is also involved in cancer cell growth and survival. Not surprisingly, inhibition of mTORC2 and/or PI3K simultaneously with mTORC1 appears to inhibit more robustly the signaling cascades and negating activation of this feedback loop. Several small-molecule ATP-competitive mTOR kinase inhibitors have been identified and developed as targeted anticancer agents. Because mTOR and PI3K kinase domains are closely related to each other, some of the compounds, it transpires, also potently inhibit the catalytic activity of PI3K, and are thus called mTOR/PI3K dual inhibitors. The first set of ATP-competitive mTOR kinase inhibitors has already entered early clinical trials.[@b10-ott-8-1923]--[@b12-ott-8-1923]

Since no crystallized structure exists for mTOR, we constructed a kinase-domain model to facilitate the rational design of clinically significant inhibitors against this biologically relevant kinase. Using homology modeling, we describe a construction and validation of a three-dimensional (3D) model of the kinase domain of mTOR. We propose a hypothetical binding model deduced from docking studies and available co-crystal structures.

Materials and methods
=====================

Sequence analysis and template selection
----------------------------------------

Sequences of mTOR (IDP42345) and PI3K (IDP48736) were obtained from UniProt ([www.uniprot.org](http://www.uniprot.org)). mTOR catalytic domain is localized between amino acids 2,181 and 2,516 and the PI3K (Protein Data Bank \[PDB\] ID: 3L13) was chosen as a template.

To check the % identity and homology, sequences of mTOR kinase domain were compared to PI3K (kinase domain 282 1037 region) by BLAST using Basic Local Alignment Search Tool (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>) and ClustalW (<https://www.ebi.ac.uk/Tools/msa/clustalw2/>).

Ligands selection
-----------------

A group of ligands known as PI3K and mTOR inhibitors are selected and extracted from the PDB. These ligands were used as an assessment tool of the 3D model of mTOR by docking. [Table 1](#t1-ott-8-1923){ref-type="table"} summarizes these ligands.

Homology modeling
-----------------

Manual alignments of human TOR to template were exported in FASTA format to the Swiss-Model Server.[@b13-ott-8-1923]--[@b15-ott-8-1923] To generate the 3D model of mTOR catalytic domain (<http://swissmodel.expasy.org/>), we used a DS Viewer Pro 5.0, PyMol (DeLano Scientific, Palo Alto, CA, USA) ([www.pymol.org/funding.html](http://www.pymol.org/funding.html)), and the MGL Tools 1.5.6 package of programs from Scripps Research Institute.[@b16-ott-8-1923],[@b17-ott-8-1923] PyMOL was used for the production of most figures and for preset analyses of ligand sites.[@b18-ott-8-1923]

Model validation and assessment
-------------------------------

The predicted model of mTOR was further assessed by Structural Analysis and Verification Server (version3) (<http://nihserver.mbi.ucla.edu/SAVES/>). This meta server runs six programs for checking and validating protein structures during and after model refinement.

After the first evaluation with Swiss-Model Server, the model was assessed by VERIFY-3D.[@b19-ott-8-1923] Verify3D analyzes the compatibility of an atomic model (3D) with its own amino acid sequence (1D). Each residue is assigned a structural class based on its location and environment (alpha, beta, loop, polar, nonpolar, etc). A collection of good structures is used as a reference to obtain a score for each of the 20 amino acids in this structural class. The scores (from −1 to +1) were added and plotted for individual residues. The residues falling in the area where the orange line crosses 0.0 have low prediction accuracy and less stable conformation[@b20-ott-8-1923],[@b21-ott-8-1923] as shown in [Figure 1](#f1-ott-8-1923){ref-type="fig"}.

Structural validation of the protein model was done by PROCHECK,[@b22-ott-8-1923] which determines stereochemical aspects along with main chain and side chain parameters with comprehensive analysis. The model was validated using the Ramachandran plot.[@b23-ott-8-1923]

PROVE was also used to calculate the volumes of atoms in macromolecules using an algorithm that treats the atoms like hard spheres and calculates a statistical *Z*-score deviation for the model from highly resolved (2.0 Å or better) and refined (*R*-factor of 0.2 or better) PDB-deposited structures.

Docking methodology and docking analyses
----------------------------------------

MGL tools 1.5.6 with AutoGrid4 and AutoDock vina (Scripps) were used for docking studies.[@b24-ott-8-1923] PyMol and DS ViewerPro 5.0 were used to visualize the results.

The docking strategy involved two steps: 1) The first is the preparation of elements for docking. The docking by Autodock vina requires inputs into ".pdbqt" format. The Mgltools is used to transform the ligands in.Mol2 format and receptor in.pdb format on.pdbqt format. The same tool (MglTools) was also used to determine the docking box on the receptor. 2) The second step is docking itself followed by visualization by PyMol.

Results
=======

Choice of the template
----------------------

Many of the monomer crystals with different resolutions were used as templates ([Table 1](#t1-ott-8-1923){ref-type="table"}) and the obtained results were comparable (data not shown). We deliberately choose the 3L13 template to present the data.

Sequence analysis
-----------------

The amino acid sequence of catalytic domain of mTOR protein was retrieved from the Uniprot database. The selected sequence for physiochemical analysis and 3D modeling is given in [Figure 2](#f2-ott-8-1923){ref-type="fig"}. Sequence alignment by ClustalW and BLAST showed, respectively, a 16.6% identity and 32% identity between a sequence of the mTOR catalytic domain and the template.

3D structure prediction and model validation
--------------------------------------------

The 3D structure prediction ([Figure 3](#f3-ott-8-1923){ref-type="fig"}) was carried out by alignment of target sequences with template structures (retrieved from PDB database 3L13), using a Swiss Model Server.[@b13-ott-8-1923] [Figure 4](#f4-ott-8-1923){ref-type="fig"} shows the constructed model and the superposed model with template.

The quality of the predicted structure of mTOR was further assessed and confirmed by different tools.

Using the VERIFY-3D analysis, [Figure 1](#f1-ott-8-1923){ref-type="fig"} shows that most of the residues fall above 0.15--0.4 demonstrating that the model is of good quality.

The stereochemical quality and accuracy of the predicted model was evaluated after the refinement process using the Ramachandran Map calculation with the PROCHECK program.[@b22-ott-8-1923] The structure of catalytic domain of mTOR revealed many segment of helices and the Ramachandran plot showed a tight grouping or clustering of ph\~ −50 and ps\~ −50. Indeed, in the Ramachandran plot, the residues were classified according to its regions in the quadrangle. The red regions in the graph indicate the most allowed regions, whereas the yellow regions represent allowed regions. Glycine is represented by triangles and other residues are represented by squares in [Figure 5](#f5-ott-8-1923){ref-type="fig"}. In our case, PROCHECK analysis reveals in the Ramachandran plot ([Figure 5](#f5-ott-8-1923){ref-type="fig"}) concluding phi and psi angles to contribute in conformation of amino acids excluding glycine and proline with 81.2% (182 amino acids) residue in the most favored region, 14.3% (32 amino acids) in additional allowed region, 3.6% (8 amino acids) in the generously allowed region and 0.9% (2 amino acids) residue in the disallowed region. The two argi-nine residues (Arg2217 and Arg2254) found in the disallowed region are at very long distances from the pocket as shown in [Figure 6](#f6-ott-8-1923){ref-type="fig"} suggesting that those amino acids are structurally and functionally irrelevant to the ligand-binding site.

Docking analysis
----------------

Following the construction and validation of our mTOR kinase-domain model, we employed pharmaceutical drug design approaches to virtually "dock" known mTOR kinase inhibitors into the putative ligand-binding pocket of the kinase domain. [Figure 7A](#f7-ott-8-1923){ref-type="fig"} shows that the model with docked ligand (WYE) is perfectly superimposed on the template 3L13 with its ligand extracted from PDB.

In [Figure 7B](#f7-ott-8-1923){ref-type="fig"}, we present the docked ligand superposed at ATP into the catalytic site for two crystal structures of PI3K (1E8X and 2A4Z). Data not shown for docking other ligands show similar results.

Discussion
==========

In this paper, we have chosen the approach of homology modeling to determine the catalytic site of the kinase mTOR. Based on ClustalW alignment of the mTOR kinase domain, PI3K has been selected as a template. Homology modeling was performed using the crystallographic structure of PI3Kγ (PDB ID: 3L13) which is closely related to a dual ATP-competitive PI3K/mTOR inhibitor and has a good crystallographic resolution (3.0 Å). Blast results revealed 32% identity between the two aligned kinases domain sequences. Tools used to assess the generated model show good scores. Indeed, compared to similar works,[@b25-ott-8-1923]--[@b27-ott-8-1923] our PROCHECK results indicated acceptable quality of the structural model with 99.1% of the model's torsion angles in favorable positions. Earlier studies using PI3Kγ (PDB ID: 1E7U) as a template[@b25-ott-8-1923]--[@b27-ott-8-1923] showed 74% (133 amino acids) residues in the most favored regions and 3.4% (9 amino acids) residues in disallowed regions for 179 residues.

Model evaluation by docking gave a good score with ligands that are specific mTOR and dual mTOR/PI3K inhibitors and ATP. Docking analysis showed that the backbone structures of human TOR and PI3KC are comparable.

We are in the process of analyzing all available databases for inhibitors. The validated model will allow us to study different ATP-competitive mTOR inhibitors. These studies will allow us to identify an inhibitor as a drug target.
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![VERIFY-3D plot analysis of computed mTOR 3D model.\
**Abbreviations:** mTOR, mammalian target of rapamycin; 3D, three-dimensional; 1D, one-dimensional.](ott-8-1923Fig1){#f1-ott-8-1923}

![Amino acid sequence of mTOR catalytic domain.\
**Abbreviation:** mTOR, mammalian target of rapamycin.](ott-8-1923Fig2){#f2-ott-8-1923}

![Constructed 3D model of mTOR catalytic domain.\
**Notes:** The model is oriented with the N-lobe at the top and the hinge is colored in orange. The C-lobe is at the bottom of the figure, the substrate binding loop is in purple and the activation loop in red. The rest of the binding site is represented by the alpha helix C, gatekeeper (ILE-2096), and the residue Lys2046 which is involved in catalysis and the DFG motif on sticks.\
**Abbreviations:** mTOR, mammalian target of rapamycin; 3D, three-dimensional.](ott-8-1923Fig3){#f3-ott-8-1923}

![Predictive model aligned to the template (red: template; green: model; blue: ligand).](ott-8-1923Fig4){#f4-ott-8-1923}

![Ramachandran plot of structural model of mTOR 3D.\
**Abbreviations:** Gly, glycine; mTOR, mammalian target of rapamycin; Pro, proline; 3D, three-dimensional.](ott-8-1923Fig5){#f5-ott-8-1923}

![Position of the Arg2217 and Arg2254 found in the disallowed region in Ramachandran plot.\
**Note:** The mTOR model is in red, residues are in yellow, and ligand in green.\
**Abbreviation:** mTOR, mammalian target of rapamycin.](ott-8-1923Fig6){#f6-ott-8-1923}

![Docking of known inhibitors into 3D model construction.\
**Notes:** Panel (**A**) shows the model built with a docked ligand superposed at the template 3L13 and its ligand. The model is in yellow, the PI3K (3L13) in blue, docked ligand (WYE) in red and the PI3K crystallized ligand (JZW) was in green. Panel (**B**) shows the superposition of the model of the ligand docked into catalytic site to ATP crystallized PI3K (PDB ID: 1E8X). The docked ligand (WYE) is in white, the ATP complexed into 1E8X in green, the BYM complexed into 2A4Z in Cyan.\
**Abbreviations:** PDB, Protein Data Bank; ATP, adenosine triphosphate.](ott-8-1923Fig7){#f7-ott-8-1923}

###### 

Ligands used as tool to assess 3D model of mTOR (protein name phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit gamma isoform)

  Ligands ID PDB   Receptor ID PDB                                  Resolution (Å)
  ---------------- ------------------------------------------------ ----------------
  JZY              3L17                                             3.00
  JZX              3L16                                             2.90
  BYM              2A4Z                                             2.90
  LXX              3L54                                             2.30
  QJZ              3QJZ                                             2.90
  JZW              3L13[a](#tfn1-ott-8-1923){ref-type="table-fn"}   3.00
  OTZ              4FHJ                                             2.60
  WYE              3LJ3                                             2.43
  WYF              3MJW                                             2.87
  ATP              1E8X                                             2.20

**Note:**

3L13 is the template used to generate the model.

**Abbreviations:** mTOR, mammalian target of rapamycin; PDB, Protein Data Bank; 3D, three-dimensional.
